Purpose The purpose of this study was to determine if the use of antibiotic-impregnated fibrin sealant (AFS) was effective in preventing surgical site infections (SSI) associated with spinal instrumentation. Methods In a preliminary study, five pieces of vancomycin-impregnated fibrin sealant, five nuts that were not treated with the sealant, and five nuts that were treated with the sealant were subjected to agar diffusion testing. In a clinical study, the rates of deep SSI were compared between 188 patients who underwent procedures involving spinal instrumentation without AFS (group 1) and 196 patients who underwent procedures involving spinal instrumentation with AFS (group 2). Results All five pieces of vancomycin-impregnated fibrin sealant and the five nuts treated with the sealant exhibited antimicrobial efficacy, while the five untreated nuts did not exhibit antimicrobial efficacy in the agar diffusion test. In the clinical study, 11 (5.8 %) of the 188 patients in group 1 acquired a deep SSI, while none (0 %) of the 196 patients in group 2 acquired a deep SSI. Conclusion The present study demonstrated that the application of AFS to spinal instrumentation yielded good clinical outcomes in terms of the prevention of postoperative spinal infections. It is hoped that limiting AFS use to patients requiring spinal instrumentation and those with risk factors for SSI will reduce the overall costs while preventing SSIs.
Introduction
Surgical site infections (SSI), which remain one of the most devastating complications of spinal surgery, result in increased rates of morbidity and mortality, prolonged hospitalizations, long-term antibiotic administration, and reoperations. In addition to the clinical impairments of infected patients, postoperative spinal infections have substantial economic implications for patients, physicians, hospitals, and society as a whole in terms of direct medical costs, resource utilization, and the indirect social costs associated with lost wages and productivity. The costs of care can increase more than fourfold compared with those of uncomplicated cases [1] . Although the development of sterile surgical techniques, the prophylactic intravenous administration of antibiotics, the recognition of predisposing factors, and several advances in anti-infective technology have all contributed to decreasing the infection rates [2, 3] , SSIs still exist and remain difficult to treat. Therefore, a more effective means of preventing SSIs is the key to successful spinal surgery.
The prophylactic administration of antibiotics with a drug delivery system that is composed of biodegradable materials is considered an effective means of preventing SSI because a high local concentration of antibiotics can be sustained without systemic complications. Fibrin glue, as well as other biodegradable materials, including highmolecular-weight biodegradable poly(D, L-lactide) cylinders, calcium hydroxyapatite beads, and polyglycolide beads, have been studied as potential local antibiotic delivery systems with successful results [4] [5] [6] [7] . Fibrin can exist as a polymer in the body for some time, and it is thereafter absorbed by fibrinolysis. A number of mechanical and biochemical characteristics of fibrin make it an ideal candidate to act as a drug delivery vehicle. First, fibrin is composed of a natural biopolymer and is, therefore, biocompatible, and it has no toxicities or other harmful effects [8] . Second, the local delivery of antibiotics is ensured with fibrin because it is a bioadhesive. Third, because fibrin is a biodegradable material, it does not need to be removed. The aim of this study was to determine if the use of an antibiotic-impregnated fibrin sealant (AFS) could prevent SSIs that are associated with spinal instrumentation.
Materials and methods

Fibrin glue
Fibrin glue was produced from pooled human plasma (Beriplast P Combi-Set; CSL Behring, Tokyo, Japan). This product is composed of Solution A, which contains 80 mg/ mL of human fibrinogen, 60 U/mL of human factor 13, and 1,000 KIE/mL of bovine aprotinin, and Solution B, which contains 300 U/mL of human thrombin and 5.88 mg/mL of CaCl 2 . The human plasma was screened for the hepatitis B virus antigen, the hepatitis C virus antibody, the human immunodeficiency virus-1 antibody, and the human immunodeficiency virus-2 antibody, and it subsequently tested negative for nucleic acids from the human immunodeficiency virus, the hepatitis B virus, the hepatitis C virus, the hepatitis A virus, and parvovirus B19. Virus inactivation by pasteurization was performed at 60°C for 10 h. Bovine aprotinin was extracted from bovine lung, heated to 70°C for 1 h, and filtered through a membrane with a pore size of 10 kDa in order to remove prion proteins and viruses.
Preliminary experimental study A 2.5-mL portion of Solution A and an equal amount of Solution B were sprayed simultaneously onto a 50-cm 2 surface of glass using compressed air, and this fibrin glue layer was then sprinkled with 500 mg of vancomycin (Shionogi & Co., Ltd., Tokyo, Japan). The vancomycin-covered glue layer was subsequently covered with an additional fibrin glue layer that was made from 2.5 mL each of Solution A and Solution B using the same spray method. Five pieces of this vancomycinimpregnated fibrin glue sealant that were obtained as test materials were subjected to agar diffusion testing to determine whether the sealant pieces had antimicrobial activity. The test materials also included five nuts that were not treated with the vancomycin-impregnated fibrin glue sealant and five nuts that were treated with this sealant, and these were included to determine the effects of this treatment. These test materials were placed on Mueller-Hinton agar plates (EIKEN CHEMICAL CO., LTD., Tochigi, Japan) and inoculated with a clinical biofilm-forming strain of methicillin-resistant Staphylococcus aureus (MRSA). The materials were incubated aerobically in an incubation chamber at 35°C for 24 h. In addition, to determine the duration of the antimicrobial activity, five pieces of vancomycin-impregnated fibrin glue sealant were incubated for 4 weeks. During the incubation period, the antibiotic diffused into the bacteria-seeded agar. The zone of bacterial growth inhibition was evident as a clear region surrounding the test material.
Clinical study
Patients
In total, 384 patients, including 264 males and 120 females, who were aged from 7 to 89 years with a mean age of 55. . This study was approved by the Human Subjects Committee of Imakiire General Hospital, and prior informed consent was obtained from the patients who were included in this study. The following definition of a SSI that was determined by the Centers for Disease Control and Prevention was used in this study: a wound infection that occurred within 1 year of hardware implantation or within 30 days after noninstrumented fusions. A deep SSI was defined as an infection involving the deep soft-tissue muscle and fascia, which was in contrast to a superficial SSI involving only infected skin and subcutaneous tissue. The exclusion criterion was patients with a postoperative follow-up time of less than 1 year. The group of patients who underwent procedures involving spinal instrumentation without AFS and the group of patients who underwent procedures involving spinal instrumentation with AFS comprised group 1 and group 2, respectively. In group 1, there were 188 patients, including 122 males and 62 females, with a mean age of 52.0 years (range 7-89 years). The preoperative diagnoses were spinal trauma in 134, degenerative disease in 43, spinal tumors in 4, and infections in 7 of these patients. In group 2, there were 196 patients, including 142 males and 54 females, with a mean age of 57.9 years (range 12-89 years). The preoperative diagnoses were spinal trauma in 144, degenerative disease in 42, spinal tumors in 2, and infection in 8 of these patients. Patient characteristic data that were collected included patient age, gender, body mass index, serum albumin levels, the presence of diabetes, history of smoking, location of the lesion, diagnosis, surgical approach, number of levels instrumented, estimated blood loss, and duration of the operation. There were no statistically significant differences between group 1 and group 2 except for patient age (Table 1) .
Prophylactic intravenous antibiotics were given 30 min before the skin incisions were made and after the spinal surgery on the day of the surgery, and additional intravenous antibiotics were routinely given to all patients for two more days. Synthetic penicillin was administered unless the patient had a history of a significant allergy to penicillin, including skin eruption, toxic liver dysfunction, and anaphylactic shock. The rates of deep SSI were compared between group 1 and group 2 to assess the efficacy of the AFS in spinal instrumentation surgery.
Clinical application of the antibiotic-impregnated fibrin sealant
After the spinal instrumentation procedure, the surgical field was irrigated with sufficient saline and dried with gauze. Approximately 2.5 mL each of Solution A and Solution B were sprayed simultaneously onto the surface of the surgical field using compressed air, and then 500 mg of vancomycin was sprinkled onto this fibrin layer (Fig. 1a) . In addition, an additional 2.5 mL each of Solution A and Solution B were sprayed simultaneously over the fibrin layer that was sprinkled with vancomycin, resulting in a vancomycin-impregnated fibrin sealant (Fig. 1b) . The AFS was formed mainly on the spinal instruments, and care was taken so that it did not form on the dura.
Results
Agar diffusion test
All five pieces of the vancomycin-impregnated fibrin glue sealant and the five nuts that were treated with the sealant exhibited antimicrobial efficacy, which was demonstrated Data are presented as mean ± standard deviation or number (%). Patient age, body mass index, serum albumin levels, estimated blood loss, and the duration of the operation were compared between group 1 and group 2 with Student's t-tests, and gender, the presence of diabetes, history of smoking, the location of the lesion, diagnosis, surgical approach and number of levels instrumented were analyzed using a v 2 test a P value was \ 0.05 for the intergroup comparison by the presence of an inhibition zone, while the five nuts that were not treated with the sealant did not exhibit antimicrobial efficacy. Furthermore, an inhibition zone was clearly observed at each time point (1, 2, 3, and 4 weeks) after the placement of the five pieces of vancomycinimpregnated fibrin glue sealant onto the Mueller-Hinton agar plates that were inoculated with MRSA, demonstrating the bactericidal activity of AFS through at least 4 weeks. Representative photographs of the findings of this preliminary experimental study are shown in Figs. 2 and 3 .
Clinical study
Of the 188 patients who underwent procedures with spinal instrumentation without AFS (group 1), 11 (5.8 %) acquired a deep SSI compared with none (0 %) of the 196 patients who underwent procedures with spinal instrumentation with AFS (group 2). This difference was statistically significant (P = 0.0003, Fisher's exact test). There were seven males and four females in the infected group with a mean age of 55.1 years (range 7-89 years). The average body mass index was 22.7 kg/m 2 , and the average serum albumin level was 3.7 g/dL. The mean duration of the operation in those that became infected was 284.9 min, and the mean estimated blood loss was 861.3 g. The following pathogens were identified in the 11 patients with deep SSIs in group 1: S. aureus in one patient, methicillinresistant Staphylococcus epidermidis in one patient, and MRSA in nine patients (81.8 %) ( Table 2) . We investigated the incidence of deep SSIs in patients with important risk factors for SSI in group 1. Deep SSI was observed in six patients (23.0 %) with diabetes mellitus, eight patients (8.0 %) who underwent lumbar surgeries, six patients (4.4 %) with a traumatized spine, nine patients (7.1 %) who underwent surgeries using a posterior approach, three patients (7.6 %) with an estimated blood loss over 1,000 g, and 6 patients (20.0 %) with operation durations that were greater than 5 h. The incidence of deep SSI was significantly lower in the patients of group 2 with the risk factors of diabetes mellitus, lumbar surgery, traumatized spine, posterior approach, and operation duration of more than 5 h compared with the patients in group 1 with each of the same risk factors (Table 3) . No complications associated with the use of the AFS were observed in this study.
Discussion
The bacteria embedded in biofilms have been shown to develop and colonize on inert surfaces of many medical devices, including orthopedic implants. Large numbers of slime-encased bacteria have been observed by electron microscopy on the surfaces of medical devices that have been the foci of device-related infection [9] . The bacteria within biofilms are protected against host defense mechanisms and antibiotic therapy because activated phagocytes cannot kill bacteria in biofilms, and antibodies that are produced because of stimulation by antigens that are released from sessile bacterial cells and antibiotics fail to penetrate biofilms [10] . Moreover, although phagocytosis cannot be achieved, phagocytic enzymes, which are released by phagocytes, may damage the tissue around biofilms [10] . Therefore, implants must often be removed before the infection can resolve. The use of materials or coatings that release antibiotics in concentrations that kill planktonic bacterial cells around the implant is considered one of the most reasonable strategies for the prevention of biofilm formation.
Besides systemic antibiotic prophylaxis, local antibiotic delivery has also been performed with success [11] [12] [13] . The advantage of the use of locally applied antibiotics is that it allows for the treatment of local environments without vascular supplies, such as those involving devitalized tissue, dead space, or pooled hematomas, which intravenous antibiotics cannot reach to sterilize, and highsustained concentrations of antibiotics are delivered directly to the targeted site without systemic side effects, such as impairments of renal function. Although the use of antibiotic-loaded bone cement has been established with several techniques for the prophylaxis of prosthetic joint infection, no optimal drug delivery system for prophylactic antibiotics for spinal instrumentation has previously been reported. Several drawbacks that exist with the use of polymethylmethacrylate as an antibiotic delivery carrier in the treatment of orthopedic infection, including the requirement of a second surgery for removal, have led to a search for biodegradable carriers. Fibrin glue has been studied as well by several authors as a biodegradable material for locally applied antibiotics in the treatment or prophylaxis of infections [7, 14, 15] . Fibrin, which is a natural biopolymer, has several unique characteristics, including bioadhesiveness, biocompatibility, lack of toxicity, and resorption, making it an ideal candidate to act as a drug delivery carrier. The release of antibiotics is controlled by the dissolution of the fibrin sealant by fibrinolysis and diffusion through the fibrin matrix. Most experimental studies have revealed a high output of antibiotics within the first several days from the fibrin-antibiotic mixtures, and this relatively short duration of the release of large amounts of antibiotic mainly resulted from rapid diffusion [16] [17] [18] [19] . Local hematomas are well known as an excellent culture media for harboring bacteria. In our opinion, we suggest that an antibiotic-impregnated hematoma may be made by the release of antibiotics from the AFS, which has been attributed to the prevention of SSI in this study, even if the hematoma persisted in spite of the drainage.
The chosen prophylactic antibiotic should be directed against gram-positive bacteria and at S. aureus and S. epidermidis, which are the pathogens most frequently involved in spinal infections in particular [20] [21] [22] . A cephalosporin or synthetic penicillin is commonly recommended in orthopedic surgeries, including spinal surgeries. However, because methicillin-resistant strains of S. aureus and S. epidermidis are increasingly being reported as pathogens in prosthetic surgery, the use of aminoglycosides, such as vancomycin, has been suggested [23] , particularly in institutions in which these methicillinresistant strains are often detected. Vancomycin also has a broad spectrum of protection against gram-positive bacteria, particularly staphylococci, and it was, therefore, selected as the prophylactic antibiotic for impregnation in the fibrin sealant in the present study. Although the gradual development of vancomycin-resistant strains as a result of wide, prolonged, or high-dose administration is a concern, the prudent use of vancomycin may protect against the emergence of vancomycin-resistant strains, such as vancomycin-resistant enterococci. Therefore, prophylaxis using vancomycin should be used only in surgeries with a high risk of infection, such as prosthetic implantations or those involving spinal instrumentation that are performed in institutions with high rates of infection due to methicillin-resistant strains.
In conclusion, to the best of our knowledge, there have been no previous reports of the use of AFS for the prevention of SSI by spinal instrumentation. The present study demonstrated that the use of AFS in spinal instrumentation yielded good clinical outcomes in terms of preventing postoperative spinal infections. It is hoped that limiting AFS use to patients requiring spinal instrumentation and patients having risk factors for SSI will reduce the overall costs, while also preventing a SSI.
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